Recent work has outlined a method for health monitoring the structural integrity of adhesively bonded composite joints based on the use of a chirped fibre Bragg grating (CFBG) embedded within an adherend, but not within the glue-line. In this paper, the reflected CFBG spectra for disbonds of different lengths have been predicted with the aid of a finite-element model of the strain field resulting from a disbond and commercially available software for predicting the reflected spectra of fibre Bragg grating sensors. The modelling shows the relationship between the position of the disbond front and the dip in the reflected spectrum which moves to higher wavelengths as the disbond extends. These results enable visual observations of the disbond front in the optically transparent joint to be compared with the CFBG results, showing that the sensor can determine the disbond front position to within a few millimetres. For other bonded structures, this resolution is likely to be determined largely by the adherend materials and sensor position.
INTRODUCTION
Adhesive bonding of composite structures is an attractive alternative to mechanical fasteners because stresses are distributed over the entire bond area. However, as is well known, a major concern for bonded joints is the initiation and growth of a failure in the form of a disbond between adherends in either quasi-static or fatigue loading. A number of NDE (non-destructive evaluation) methods have been suggested to monitor bonded joints based on ultrasonic [1, 2] , acoustic [3] , radiographic, thermal [4] and backface strain measurements [5] .
Notwithstanding the advantages of each technique, it would be useful to have a method that can both indicate when disbond initiation has occurred and can monitor the subsequent change in the position of the disbond to within a few millimetres.
The use of optical fibre sensors, particularly fibre Bragg gratings, for health monitoring composite and other structures is progressing rapidly [6] [7] [8] . Of the various optical fibre sensors available, uniform fibre Bragg grating (FBG) sensors are being employed for various applications. These sensors have a uniform periodic perturbation in the refractive index of the fibre core. When broadband light is coupled into the optical fibre sensor, a reflection peak is obtained, centred on a wavelength called the Bragg wavelength, which depends on the refractive index and the period of the grating. These sensors can be used to monitor both strain and damage development [9] [10] [11] [12] . Such sensors are also finding applications for internal strain monitoring in composite ship structures and patch repairs [13] [14] [15] [16] .
This paper focuses on modelling the results of a novel technique for monitoring disbond development using a special type of FBG called a chirped fibre Bragg grating (CFBG). The CFBGs used in this work have a linear variation of the grating period and reflect a spectral band of wavelengths corresponding to the grating spacings within the sensor. Okabe, Takeda and colleagues have shown, in a series of papers [17, 18] , that such a sensor can be used to monitor matrix crack development and crack position in cross-ply CFRP laminates, and Palaniappan et al [19] have demonstrated how the precise crack position is related to the reflected spectrum with the aid of transparent GFRP laminates. Takeda and colleagues [20] have also demonstrated the possibility of monitoring delamination initiation and growth in a composite laminate using a CFBG.
In recent work [21] , we have shown that changes in the reflected spectrum from a CFBG embedded within one of the adherends of a bonded joint are related to the growth due to fatigue cycling of a disbond between the adherends. In the current paper, these experimental results are reviewed briefly, and a finite-element model of the joint is presented which, in conjunction with commercially available software for predicting FBG spectra, enables characteristic features of the reflected spectrum to be related to the actual position of the disbond front in the joint.
BACKGROUND
Bonded joints fabricated using two adherends of a transparent GFRP were used for these experiments [21] . The overlap length of the lap joint is also transparent, enabling the propagation of the disbond to be monitored visually during the tests, for direct comparison with the measurements made using the CFBG. Double crossply, frame-wound GFRP laminates were used for the adherends, with the laminate configuration being The adherends containing the embedded sensors were cut so that the low wavelength end of the CFBGs was adjacent to the cut end of the adherend. For this to be possible, it was necessary to discriminate between the low and high wavelength end of the sensor by applying a simple through-thickness load using a small fingertightened clamp mounted onto the coupon; this loading produces a perturbation in the reflected spectrum which enables the low-wavelength end of the sensor to be identified, as shown in Figure 1 (interestingly, recent work by Swart et al [22] has demonstrated the potential of a CFBG as a pressure sensor). The coupon was then cut so that the low wavelength end of the chirped grating lay at the cut end of the adherend. The adhesive used to manufacture the bonded joint was an elevated temperature cure adhesive (AV 119) and the joint was cured at 120º C for 1 hour; a schematic diagram of the joint is shown in Figure 2 . A uniform thickness of adhesive between the adherends was achieved by using aluminium wires with a diameter of 0.40 mm as spacers and the bond was formed under light pressure in a finger-tightened jig. The bonded joints were subjected to fatigue with a peak load of 11 kN, (corresponding to an adherend tensile stress of 122 MPa) and an R-value (R=  min / max ) of 0.1, using a sinusoidal waveform with a frequency of 3 Hz. The optical arrangement consisted of a broadband light source, coupler and optical spectrum analyser (details are provided in [19, 21, and 23] ). Optical reflection spectra were recorded after interrupting the test at increasing numbers of cycles and with the joint subjected to a small load of 5 kN. Images of the progression of the disbonds in the transparent joints were also captured in situ using a digital camera.
Detection of disbond initiation is illustrated in Figure 3 . Figure 3 (a) shows an image of the bonded region of the joint after 8000 fatigue cycles and Figure 3 (b) shows a comparison of the reflected spectra after 2000 and 8000 cycles. After 2000 cycles, no disbonding had occurred in the joint, whereas a disbond has just begun to form at the joint overlap marked A in Figure 3 (a) at around 8000 cycles. The reflected spectra shown in Figure   3 (b) show distinct differences at low-wavelengths because the consequence of the onset of disbonding is to unload the adherend, and hence the CFBG sensor is also unloaded local to the disbond. This relaxes the grating spacing so that reflections at lower wavelengths are seen. No changes occurred to the spectrum at higher wavelengths so that, for example, the dip in the spectrum due to the position of the wire spacer remains unchanged (the adhesive bond was formed under light pressure and the local strains in the composite due to the presence of the wire spacer locally modified the reflected spectrum, indicating the wire position).
Detection of disbond propagation is shown in Figures 4 and 5. In Figure 4 , the development of disbonds at each end of the joint is evident and the position of the disbond monitored by the CFBG after 9000, 10,500 and 13,400 cycles is indicated by the arrows B, C and D. The reflected spectra recorded at each of these cycles are shown in Figure 5 . The position of the disbond was associated with a dip in the reflected spectrum and as the disbond grew in length, the dip in the spectrum moved to higher wavelength values. This dip in the reflected spectrum is due to the load redistribution at the disbond front. The modelling work, discussed in the next section, establishes the relationship between the dip in the spectrum and the actual position of the disbond front.
MODELLING THE REFLECTED SPECTRA
Finite element modelling 2D FE modelling was undertaken to predict the axial strain experienced by the optical fibre as a consequence of the disbond. At this stage, the optical fibre has not been included explicitly in the model, but the strains have been extracted from the FE model at the location of the fibre. Since the fibre is positioned in the centre of the adherend (in a widthwise sense), plane strain finite elements were used. Three linear material models were created and assigned to the adhesive, the 0 o ply and the 90 o ply respectively. The properties are summarised in Tables 1 and 2 for the isotropic (adhesive) and orthotropic (composite) materials respectively.
Initially a joint with no disbond was modelled and a number of mesh schemes were assessed with decreasing mesh size, down to the finest mesh considered, which had an element size of 0.05 mm x 0.05 mm. It was found that the results had converged for the mesh where the smallest element was 0.1 mm x 0.1 mm and hence this mesh was used in the remainder of the study. Geometric non-linearity was investigated also, but this was found to have an insignificant effect on the results and hence was not used in the rest of the work. For the two other cases, i.e. 5 mm disbond and 10 mm disbond, the models were run with the disbonds positioned on the lower adhesive-adherend interface, which is consistent with the observed experimental disbond path. Figure 9 shows the strain distribution for the case of a 10 mm disbond. This time the maximum strain shown has been limited and the region coloured grey indicates strains above this set value. The strain distribution is made more complex by the presence of the crack. It can be seen that the right hand, "free" part of the upper adherend experiences low values of strain as expected. These increase as the load is transferred from the lower adherend, through the adhesive to the upper adherend. Again, the path of the optical fibre runs just below the marked 0/90 interface. The longitudinal strain distributions for the 5 mm and 10 mm cracked models are also shown in Figures 7 and 8 . It can be seen that these strain distributions differ only in the region where the disbond exists. Essentially, the disbond increases the unstrained length of the adherend. Interestingly, the small perturbation in the strain distribution at the beginning for each case is not an artefact of the mesh size.
Meshes with element sizes significantly smaller than the distance of these perturbations from the overlap end (0.1 mm and 0.05 mm) showed that these perturbations are a characteristic feature of the strain field within the adherend a small distance from the bondline. The perturbation in the cracked cases is made more complicated by the interaction of the disbond front strain field and the load transfer strain field. For example, tracking right to left, below but close to the 0/90 interface in the contour plot of Figure 9 , it will be seen that the strain rises and falls in advance of the position of the disbond front, before rising to the plateau value.
Prediction of the reflected spectra
The finite element modelling provides the strain field required to predict the reflected spectra. OptiGrating software [24] requires the strain to be input as a function of distance, and to achieve this, the rather complicated longitudinal strain distributions have been input as three functions (there is an alternative approach to such modelling, by modifying the refractive index and grating spacing, which Okabe, Takeda and colleagues have used; e.g. [18, 20] ). A comparison of the input longitudinal strain distribution ( Figure 10 ) and the actual strain distribution obtained from the FE analysis show that these are almost identical in advance of the plateau, and differ by no more than 6% in the plateau region where small strain changes are unimportant with regard to the reflected spectrum. The other parameters used in the OptiGrating prediction are: uniform apodization,
Poisson's ratio of 0.17 and photoelastic coefficients p 11 =0.121 and p 12 =0.27, with an index modulation, Δn, of 0.0003. Figure 11 shows the predicted reflected spectra for disbonds of length 5 mm and 10 mm, together with the actual position of the disbond front used in the modelling. The simulations show that the small perturbation in the strain field in advance of the disbond front produces a small dip in the reflected spectrum which, however, is not seen in the experimental results, possibly because this small dip has a similar magnitude to the noise in the spectrum. The important feature of the predicted spectra is the large dip, and it is clear from the simulations that the minimum of the large dip is not the actual position of the disbond front. The disbond front is located about 1.5 mm away from the minimum in the reflected spectrum, shown by the vertical line in Figures 11(a) and 11(b), towards the low wavelength end of the CFBG. Figure 12 shows a superposition of the predicted reflection spectra for the disbond lengths of 5 mm and 10 mm; the form of the spectra is in good agreement with the experimental results of Figure 7 .
Clearly, the key feature of the strain distribution in the region of the disbond is the sharp rise in strain just ahead of the disbond front, which is the stress transfer region. This rapidly changing strain causes the loss of particular pitch lengths in the fibre Bragg grating, producing a fall in intensity of the reflected spectrum at particular wavelengths and a corresponding increase in intensity at other wavelengths, which is the origin of the pronounced dip in the spectrum and a direct indication of the current position of the disbond front. Figure 13 shows the position of the disbond front obtained from the CFBG spectra (corrected for the actual position of the disbond front in relation to the minimum of the dip in the spectrum) compared with the measured position of the disbond front obtained from images of the bonded joint. Overall, the CFBG technique enables the disbond front to be located to within about 2 mm for this bonded joint. It is anticipated that, in general, the accuracy of the CFBG technique in locating the disbond front will depend primarily on the materials used to form the bond and the distance of the CFBG sensor from the bond line.
CONCLUSIONS
Disbond initiation and disbond growth have been monitored in a bonded joint by embedding chirped fibre Bragg grating sensors within GFRP composite adherends (i.e. the sensors are not located within the bondline).
The sensors were embedded with the low-wavelength end of the CFBG adjacent to the end of one adherend.
Disbond initiation is detected as a shift of the low-wavelength end of the reflected spectrum to lower wavelengths (as a consequence of the unloading of the adherend due to disbond formation), while the remainder of the spectrum is unchanged. Disbond growth can be monitored by the movement of a dip in the reflected spectra to higher wavelengths as the disbond length increases; this dip is related to changes in the grating spacings in the stress-transfer region of the joint. The reflected spectra have been predicted using a combination of finite-element analysis (to obtain the strain distribution) and commercially available software (to predict the reflected spectrum based on the strain distribution). The modelling shows that the physical position of the disbond front in this joint does not correspond to the minimum of the dip in the reflected spectrum, but lies about 1.5 mm away from the minimum, towards the low-wavelength end of the sensor. Comparison of the CFBG results with photographs of the position of the disbond front shows that the technique has enabled the disbond front to be located to within 2 mm using the CFBG sensors. 
